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and BRCA1 have a divergent promoter, from which another gene on the opposite strand is also transcribed. Although studies have shown that divergent transcription is an important factor in transcriptional regulation, little is known about its implication in aberrant promoter methylation in cancer. In this study, we analyzed the methylation status of CGI in divergent promoters using a recently enriched transcriptome database. We measured the extent of CGI methylation in 119 colorectal cancer (CRC) clinical samples (65 microsatellite instability high [MSI-H] CRC with CGI methylator phenotype, 28 MSI-H CRC without CGI methylator phenotype and 26 microsatellite stable CRC) and 21 normal colorectal tissues using Infinium MethylationEPIC BeadChip. We found that CGI within divergent promoters are less frequently methylated than CGI within unidirectional promoters in normal cells. In the genome of CRC cells, CGI within unidirectional promoters are more vulnerable to aberrant methylation than CGI within divergent promoters. In addition, we identified three DNA sequence motifs that correlate with methylated CGI. We also showed that methylated CGI are associated with genes whose expression is low in normal cells. Thus, we here provide fundamental observations regarding the methylation of divergent promoters that are essential for the understanding of carcinogenesis and development of cancer prevention strategies.
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| INTRODUC TI ON
Silencing of tumor suppressor genes by promoter CpG island (CGI) methylation is one of the major driver events that play important roles during tumor initiation and/or progression. For example, previous studies showed that silencing of MLH1 and BRCA1 causes microsatellite instability high colorectal cancer (MSI-H CRC) and triple negative breast cancer with homologous recombination deficiency, respectively. 1, 2 In addition, silencing of CDKN2A is prevalent among several cancers including gastric adenocarcinoma, lung squamous cell carcinoma and esophageal adenocarcinoma. [3] [4] [5] The mechanistic basis of aberrant CGI methylation in cancer is largely unknown with only a few clues: a previous study demonstrated that mutations in IDH1/2 and TET2 can cause aberrant CGI methylation in a hematological malignancy, 6 and Fusobacterium colonization is associated with aberrant CGI methylation in CRC. 7 Further, there appears to be a specificity for targeted methylation of certain genes in disease. Among the genes associated with Lynch syndrome that encode proteins involved in DNA mismatch repair, such as MSH2, MSH6 and PMS2, it is intriguing that only MLH1 is prone to silencing with promoter CGI methylation. BRCA1
but not BRCA2 is silenced by promoter CGI methylation in breast cancer with defective homologous recombination. 8, 9 This specificity of the genes affected by aberrant CGI methylation is an important issue to be addressed in clarifying the mechanism underlying promoter methylation in disease.
The completion of human genome sequencing revealed that more than 10% of human genes are associated with divergent promoters. 10 Owing to the advent of next-generation sequencing, tens 
| MATERIAL S AND ME THODS

| Clinical specimens
The data used in this study were obtained and described in the previous report. we chose M-value because it was reported to have a higher detection power of methylation. 22 The extent of methylation was first examined by β-value, which was then put into the logit-like function to obtain the correlating M-value (slightly modified from reference
22
).
The reason for this modification was to convert the probe with a β-value of 0. The M-value was calculated for the probe with the smallest β-value above 0, which turned out to be approximately −21; therefore, 2 −25 was added in the M-value calculation equation.
The location of the probe was calculated using the Liftover tool, from Hg19 to Hg38. The mean M-value of the probes on the island was used for the calculation of M-value as a CGI unit. The location of CGI was obtained using the UCSC 
| Methylation of promoter CpG islands
We defined promoter CGI as CGI that are located 0-500 bp upstream of transcript start sites (TSS). As described in the "Results" section, CpG islands were considered to be methylated when the M-value was over −1.6; when the M-value was below −1.6, the CpG island was considered as unmethylated.
| Phenotype-specific methylated CpG islands
The CGI that were specifically methylated in non-CIMP MSI-H or CIMP MSI-H CRC were identified with the F-test using Minfi package. 24 Non-CIMP MSI-H-specific CGI were defined as those that fulfill both of the following conditions: methylated in non-CIMP MSI-H CRC (median M-value, >−1.6) and unmethylated in normal samples (median M-value, ≤−1.6). CIMP MSI-H-specific CGI were limited to those that are methylated in CIMP MSI-H CRC and unmethylated in non-CIMP MSI-H CRC and normal samples.
| Forward genes
In each gene pair, genes with greater FPKM were calculated per sample. Data were obtained for all samples that underwent RNA-seq,
and genes with a larger number of samples that had greater FPKM were defined as the forward gene. 
| Motif analysis
| Logistic regression
For logistic regression, we adopted generalized linear regression, and for stratified sampling, we used train data and test data in the ratio of 7:3. Existence of the motifs and the bidirectionality 
| Statistics
Comparisons of the distribution of categorical variables in different groups were performed using χ 2 -test. False discovery rate (FDR) was obtained using Benjamini-Hochberg method with some modification. Statistical analysis was performed using the computing environment R.
| GTEx
The median transcript per million (TPM) of sigmoid colon cells was used to examine the expression of normal colon cells. 
| Data accessibility
Raw sequencing data were deposited in the Japanese GenotypePhenotype Archive (http://trace.ddbj.nig.ac.jp/jga) under accession number JGAS00000000113 (National Bioscience Database Center no. hum0094).
| RE SULTS
| Definition of divergent promoters
We first selected pairs of genes with head to head (HtH) orientation assumed that a subset of paired genes was placed closer to each other than expected by random distribution ( Figure 1C ). Thus, we defined the genomic regions between the TSS of paired genes with less than 1000 bp distance as divergent promoters in this study, in accordance with the previous report. 10 We next selected genes not containing any HtH transcripts and defined their promoters as unidirectional for comparison.
| CGI within the divergent promoters
The proportions of divergent and unidirectional promoters containing CGI were calculated ( Figure 1D ). CGI were more frequently observed in divergent promoters with C/C or C/L pairs than in unidirectional promoters with protein-coding genes (FDR < 2.2e-16, FDR = 1.7e-13, respectively). L/L pairs were also more likely to have CGI in their promoters than unidirectional lncRNA genes (FDR = 0.012). This observation was in accordance with those from a previous report. 10 To exclude effects caused by the difference of CGI proportion, we only included genes whose promoters contained CGI for further analysis.
| Methylation status of CGI within divergent and unidirectional promoters
During the integrative genomic analysis of MSI-H CRC tumor samples, we measured the methylation of CGI using the Infinium Next, we examined the correlation between TSS density and CGI methylation on a broader scale. We plotted the M-value of CGI against the number of genes with a TSS within 10 000 bp upstream or 100 000 bp downstream of CGI for all samples in this study ( Figure S2G ). Excluding CGI with only one gene (because these consisted only of unidirectional CGI), the absolute value of Spearman's correlation coefficient was calculated, which was smaller than 0.2 in all cases. These data suggested that TSS density did not substantially affect CGI methylation.
| Methylation status of CGI within divergent and unidirectional promoters in CRC cells
| Characterization of methylated promoter CGI
We first illustrated an overview of the promoter CGI ( Figures 4A,B and S3). Interestingly, when CGI were plotted according to the increment of methylation levels among the populations (normal, non-CIMP MSI-H and CIMP MSI-H), the distribution of CGI was clearly divided between those methylated in any of the populations and those never methylated in these populations ( Figure 4A ).
To more closely examine the difference between methylated and unmethylated CGI, motif analysis was conducted using MEME.
25
Among the CGI methylated in any of the populations, we found motifs that did not exist in unmethylated CGI. The sequence between position −500 and 0 of the TSS were used for the analysis; in case of div-CGI, a susceptible TSS sequence with higher expression was chosen. As a result, we identified three common types of sequence motifs seen in every methylated group ( Figure 4C ). These were robust in various methods of sequence analysis ( Figure S4 ). Of note, CCG and CGG repeats were reportedly seen near the TSS of coding genes that were paired with non-coding RNA. 28 These motifs also existed in MLH1 and BRCA1 at 500 bp upstream of the TSS (Motif 2 in MLH1 and motifs 2 and 3 in BRCA1). MLH1-relevant CGI were specifically methylated in CIMP MSI-H CRC ( Figure S5 ).
There was a weak correlation between the existence of these Figure S2 . C, De novo motifs found using MEME are shown. Promoter CGI specifically methylated in respective groups were compared with promoter CGI in unmethylated groups. The sequence 0-500 bp upstream of the forward gene transcription start site was used as query. Motifs found using other query sequences are shown in Figure S3 . predicted methylation of CGI in any of the three cell types was better than that with the methylation-specific motifs (Table S1 ). The predictive potential of logistic regression incorporating both the bidirectionality and the motifs did not significantly differ compared with that with bidirectionality only (Table S1 ), suggesting that the effect of the bidirectionality on CGI methylation may be larger than that of the identified motifs.
In addition, we used the TPM data of normal sigmoid colon cells from GTEx 20 to look into the expression of both ends of genes in div-CGI ( Figure 4D ). We found that expressions of both genes in normal cells were low when the associated CGI were methylated in any of the three cell types. In contrast, methylation of the associated CGI was not observed in any of the cell types when expression of either end of the gene was high in normal cells. This observation was consistent among C/C, C/L and L/L pairs, suggesting that low expression of both genes may be necessary for div-CGI to be methylated in normal cells or in CRC cells.
| D ISCUSS I ON
In this study, we analyzed the genome-wide methylation status in association with the structural configuration of genes. We report Second, we showed that paired genes are more likely to be located adjacent to CGI. Previous reports have established that house-keeping genes and cell type-specific genes (including nervous system-specific genes) enrich CGI in their promoter regions. 30 These data suggested that divergent structures prevent important genes, including tumor suppressor genes like MLH1 and BRCA1, from promoter CGI methylation. In terms of evolution, methylated CGI have been shown to influence genetic variation; in comparing the human and primate genomes, CGI are conserved with low mutation rates where CGI are hypomethylated in the germ line. 31, 32 If CGI within divergent promoters are also hypomethylated in the germ line, it may be reasonable that CGI within divergent promoters are conserved over generations.
Third, we identified three DNA sequence motifs that were associated with CGI methylation. These motifs may be the target of molecules that regulate the methylation of CGI. Future studies should investigate the molecules that recognize and bind to these motifs. It is of particular interest that the MLH1 promoter, in which CGI were methylated in MSI-H CRC despite its bidirectionality, contains the motif associated with CGI methylation.
Although much remains to be revealed for the precise under- 
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